Abstract. Membrane-bound polysomes were isolated from developing endosperms of barley (Hordeum vulgare L.) and shown to support the synthesis of trichloroacetic acid-insoluble material by an in vitro wheat germ protein synthesis system. The mRNA associated with the polysomes was separated from the ribosomes by affinity chromatography on oligo-dT cellulose and was also shown to support in vitro protein synthesis. The poly-A + RNA isolated contained material of between 0.55 and 2.55 kilobases in length with about 6% poly A. The products of in vitro protein synthesis resembled hordeins (the prolamin storage proteins of the barley endosperm) in that they were predominantly soluble in 55% propan-2-ol, contained a low proportion of lysine as compared with leucine and had similar, but not identical, electrophoretic properties. The differences in the electrophoretic behaviour between the products of poly-A + RNA translation and authentic hordeins is suggested to be due to the presence of an extra (leader?) sequence on the former.
Introduction
Hordein is the prolamin storage protein of the barley endosperms and can form 30-50% of the total N of that tissue according to variety and growth conditions (Miflin and Shewry 1979a, b) . It is synthesized during the period of rapid growth of the endosperm through until maturity (Bishop 1930) . Hordein consists of a family of closely related polypeptides which can be classified into two groups,'B' and 'C' (Koie et al. 1976; Shewry et al. 1977) ; the particular pattern of polypeptides in each group is under the control of two complex loci Hor-1 and Hor-2 which respectively specify the C and B patterns (Shewry et al. 1978b; Doll and Brown in press; Shewry etal. 1980a ). The two groups of polypeptides are alike in Abbreviations: DTT = dithiothreitol; TMV =tobacco mosaic virus; DMSO=dimethyl sulphoxide; MDMP=2-(4-methyl-2,6-clinitroanilino)-N-methyl propionamide that they contain a predominance of glutamine and proline residues (>70% of the total in C hordein) and have similar, but not identical, solubility properties; they differ in molecular weight and in the amount of cys, met and lys residues per mole (Shewry et al. 1980b) .
Studies on membrane-bound polysomes isolated from developing endosperms have shown that they can direct the in vitro synthesis, in wheat germ systems, of proteins which have the same solubility properties and mobility on one-dimensional (Brandt and Ingversen 1976; Fox et al. 1977; Holder and Ingversen 1978; Cameron-Mills etal. 1978; Miflin etal. 1977) and two-dimensional (Miflin and Shewry 1979b) gel systems as the authentic proteins. In contrast have suggested that the products synthesized by both isolated polysomes and rough endoplasmic reticulum are larger than authentic hordeins. When poly-A + RNA isolated from such polysomes is used to direct protein synthesis the products formed are soluble in aqueous propan-2-ol and appear in some cases to have lower mobility on SDS-PAGE than authentic hordeins. Similarly, mRNA isolated from developing maize endosperms directs the synthesis of products with apparently higher molecular weights than authentic zein (the prolamin storage protein of maize) (Burr et al. 1978; Larkins and Hurkman 1978) . This paper reports experiments designed to resolve further the nature of the translational products of polysomes and poly-A + RNA isolated from membraneous fractions of developing barley endosperms. Some characterisation of the poly-A + RNA is also reported.
Materials and Methods
Materials. Oligo-dT cellulose (T2) was obtained from Collaborative Research. 2' and 3' AMP (mixed isomers), polyadenylic acid, Tris, Hepes, ditbiothreitol (DTT), and 2-mercaptoethanol were obtained from Sigma Chemical Co. All other reagents were of 'Analar' grade. Wheat germ (Manitoba) was obtained from Marriages Ltd., Chelmsford.
Ears of field grown barley (Hordeum vulgare L. var. Athos or Sundance) were harvested 2-3 weeks after anthesis and the endosperm collected by squeezing into liquid nitrogen. The tissue was stored for several months in this way. Tobacco Mosaic Virus (TMV) was kindly supplied by R. White and the RNA extracted according to Smith etal. (1977) .
Isolation of Polysomes. Sterile glassware and media were used in all procedures for the isolation of RNA. Free and initially membrane-bound polysomes were isolated according to the method of except that polysomes were pelleted through a 54% sucrose cushion at 250,000 g,v for 3 h at 4 ~ C. For translation, polysomes were resuspended in 10 mM Hepes, 100 mM KC1, 4 mM magnesium acetate, 1 mM DTT, pH 7.6.
Isolation of Polyadenylated RNA. Polysomes were resuspended in 20 mM Hopes pH 7.6, 0.5 M NaC1, 1% SDS, 10 mM EDTA and heated to 60 ~ C for 5 rain. The dissociated polysomes were stirred with lg oligo dT cellulose for 20 rain at room temperature. The slurry was poured into a column (5 can-1 era) and washed and eluted according to Bantle et al. (1976) . Poly-A + RNA was precipitated by addition of ammonium acetate to a concentration of 0.2 M and 2.5 vols of absolute ethanol and kept at -20 ~ C overnight. The RNA was collected by centrifugation and denatured in 90% dimethyl sulphox~de (DMSO) at 60 ~ C for 5 rain. A second oligo dT column was run according to Bantle et al. (1976) with the addition of 0.1% SDS in all buffers.
Separation ofRNA. RNA was analysed by gel electrophoresis after denaturation with 1.0 M glyoxal, 50% DMSO in 10 mM sodium phosphate buffer pH 7 at 50 ~ C for 1 h (McMaster and Carmichael 1977) . Electrophoresis was in 0.5% agarose, 2.5% polyacrylamide gels in 10 mM sodium phosphate buffer pH 7 at 30 mA per slab for 5 h. The gels were stained with toluidine blue and scanned in a spectrophotometer.
Alternatively RNA was layered onto 5 ml 10-30% linear sucrose gradients in 20 mM Hopes pH 7.6, 100 mM KC1 and 1 mM EDTA and centrifuged at 150,000g~ for 18h. RNA was heat denatured and then cooled rapidly to 4 ~ C before centrifugation.
In Vitro Protein Synthesis. A wheat germ $30 cell free extract was prepared according to the method of Roberts and Paterson (1973) omitting the pro-incubation step.
Translations were carried out in 40 lal volume containing: 10 gl $30; 20 mM Hepes-KOH pH 7.6; 1.9 mM magnesium acetate; ll0mM potassium adetate; 300larmM speidine; lmM ATP; 8 mM creatine phosphate; 50 lag ml t creatine phosphokinase; 50 gM GTP; 2 mM DTT; 50 taM each unlabelled amino acids; 3.77.10~-3.77.105 Bq labelled amino acids ([3H]proline and [3H]leucine 3.96.1012-4.9.1012Bq mmol-~; [35S]methionine 3.0.1013 -4.5.1013 Bq mmol-1 ; 0.5 10 lag RNA. After incubation at 28 ~ C for 40 min, 2 lal samples were removed and spotted onto 2 cm. 1 cm strips of Whatman No. 1 filter paper. These were boiled in 10% TCA containing 0.5% cold pro, leu or met, and washed with ethanol and diethylether for scintillation counting.
Protein Characterisation. After incubation the reaction mixtures were made to 55% propan-2-ol, 0.05% DTT and heated at 60 ~ C for 10 min; the insoluble protein was pelleted by centrifugation and re-extracted twice with 55% propan-2-ol, 0.05% DTT in Tris buffer pH 7.6. Authentic hordein (10-20 lag extracted according to Shewry etal. 1978a ) was added as carrier. The proteins were alkylated in 55% propan-2-ol by addition of 1.5% 4-vinylpyridine and after 2 h shaking at room temperature they were precipitated by adding an equal volume of 4% LiC1, 1.0% 2-mercaptoethanol and standing at 0-4 ~ C overnight. The pellets were washed with water and dissolved in the appropriate loading buffer for gel electrophoresis, SDS-polyacrylamJde gel electrophoresis (SDS-PAGE) and isoelectric focusing were carried out according to Shewry etal. (1978c) . Gels were dried immediately for autoradiography or prepared for fluorography according to Laskey and Mills (1975) Determination oj' Poly-A Content. Poly-A content was determined by hybridisation to 3.77.103 Bq [3H]polyurydilic acid in 0.5 M NaC1, I0 mM Tris-HC1 pH 7.0, 1 mM magnesium acetate at 28 ~ C for 15 rain in a volume of 100 lal (Brandt et al. 1975 ). The reaction mixture was diluted to 2 ml with buffer and 20 lag of either RNase S-l, or RNase A added to digest single stranded RNA. Bovine serum albumin (50 lag) was added and the hybrids precipitated with 6% TCA in the cold for 60 rain and collected on Whatman GF/A filters for counting. Polyadenylic acid was used to standardise the technique.
Cleavage with Cyanogen Bromide. Protein samples were resuspeuded in 70% formic acid and 10 mg ml-1 cyanogen bromide (CNBr) and digested for 24 h at room temperature in the dark. The samples were then dried under vacuum before electrophoresis on 5-30% gradient SDS-PAGE.
Results

Charaeterisation of Po[y A + RNA Extracted from
Membrane-bound Polysomes. The properties of membrane bound polysomes of developing barley endosperms used in this study have been published previously Miflin et al. 1977 ). Here we have determined the nature of the poly-A + RNA obtained from this fraction. About 50 gg of poly-A + RNA was obtained from 100 g endosperm after two oligodT cellulose columns. It was not completely free from ribosomal RNA as shown by gel electrophoresis but cDNA produced from it did not hybridise to cloned barley ribosomal DNA (R.D. Thompson, unpublished) . There are two possible explanations; either the bands seen on electrophoresis were not rRNA or the rRNA was not copied into cDNA during reverse transcription. Sucrose gradient centrifugation (Fig. l) indicated that the poly-A + RNA was a heterogenous population with a peak at 1.8 kilobases. Gel electrophoresis under denaturing conditions showed, however, that three major bands of RNA of approximately 2.5, 1.35 and 0.55 kilobases could be resolved (Fig. 2) . These bands have been seen in gels from a number of poly A + RNA preparations. The width of the bands suggests a degree of heterogeneity; this may be due to variation in length of the poly-A tails. The band which co-migrates with 18 s rRNA is also broad indicating that it may contain polyadenylated Fig. 3 . Estimation of the amount of potyadenylic acid sequences in the mRNA fraction used for translation studies. Increasing amounts of polyadenylic acid (o) and mRNA (A) were hybridised to 3.77, i0 a Bq [aH]polyuridylic acid and the radioactivity remaining in hybrids, after digestion of single-stranded RNA, was determined RNA in addition to rRNA. The RNA contained approximately 6% polyadenylic acid (Fig. 3) . The method used to determine this figure detects short sequences of poly-A occurring within the sequence, and therefore does not prove that there is a continuous tract at the 3' end. Assuming, however, that this is the case, the average length of poly-A is 150 and 80 residues on the 2.5 and 1.35 kilobase sequences respectively.
Characterisation of the In Vitro Translation System.
The optimum conditions for the translation of both polysomes and poly-A + RNA by the wheat germ system were investigated and the results are shown in Fig. 4 . These results were highly reproducible for both poly-A + RNA and polysomes although the optimum conditions varied slightly between wheat germ extracts. The translation of poly A + RNA chiefly differed from that of polysomes in requiring greater concentrations of Mg2+; the dependence on RNA concentration was approximately linear for both within the range examined.
It has been reported previously that mRNAs specifying cereal endosperm storage proteins are capped (Burr etal. 1978; Brandt and Ingversen 1978) . 7-Methyl GMP is an analogue of the cap structure at the 5' end of mRNAs and inhibits their initiation onto ribosomes. When poly A § RNA was translated in the presence of this inhibitor 92% inhibition occurred at 0.5 mM (Fig. 5) . MDMP (2-(4-methyl-2,6-dinitroanilino)-N-methyl propionamide) has also been reported to prevent initiation (Baxter and McGowan 1976) but, similarly to 7-methyl GMP does not affect the translation of previously initiated messages. These inhibitors were used to test the amount of initiation occurring during polysome translation (Fig. 6) . The results suggested considerable reinitiation of polysomal mRNA could occur although this varied from estimates of 23 to 40% of the total amount of translation according to the preparation of polysomes and wheat germ.
Analysis of the In Vitro Translation Products.
The nature of the products of both poly A § RNA and polysome translation were investigated and compared with those expected for authentic hordein. Since hordein is soluble in 55% propan-2-ol (plus a reducing agent, 2% 2-mercaptoethanol or 0.05% DTT) where as most proteins are not, the proportion of TCAprecipitable radioactivity soluble in this solvent were measured for a number of RNA sources (Table 1) . Whilst a small proportion of radioactivity is soluble in all cases the products of translation directed by membrane-bound polysomes or poly-A + RNA derived from them are predominantly propanol soluble. Further experiments showed that the proportion of the products which are propanol soluble is to some extent a function of the amount of poly-A + RNA added (Fig. 7) .
A further characteristic of hordeins is their low lysine content; thus the incorporation of this amino' acid would be expected to be low in relation to other amino acids such as leucine. When the various sources of RNA were tested for their relative ability to support the incorporation of these two amino acids into TCA precipitable material, it was found that poly-A § RNA from membrane-bound polysomes directed the incorporation of 5.2 times as much leucine as lysine; in comparison total poly-A + RNA from pea leaves led to the incorporation of 2.3 leucine for each lysine which is close to the ratio of 2.1 found for the residues in legume leaf protein (Byers 1971) .
When the products of in vitro protein synthesis Error margins indicate the standard error of the mean were extracted in 55% propan-2-ol+0.05% DTT, alkylated, run on SDS-PAGE and the gel autoradiographed the results shown in Fig. 8 a-c were obtained. The products of poly-A + RNA translation (Fig. 8) are clearly larger than the native proteins labelled in vivo with [sSS] sulphate although the spatial relationships of the polypeptides on the gel remains the same. Products co-migrating with both these larger products and with authentic hordein are visible in the polysome track supporting our hypothesis that reinitiation is occurring during polysome translation. The in vitro translation products were characterised further using iso-electric focusing (Fig. 9) . The products of poly-A § RNA translation have a very similar iso-electric focusing pattern to authentic hordein indicating that many of the polypeptides have an identical isoelectric point.
In vitro synthesised proteins labelled with (Fig. 10d ). Tritium labelling (Fig. 10a, b) shows that whereas the 'B' polypeptides are cleaved into smaller fragments the ' C ' band polypeptides are still present at the same position on the gel even though they have lost their methionine suggesting that it was near or at the end of the molecule.
Discussion
The products of in vitro protein synthesis directed by m R N A present in membrane-bound polysomes derived from developing barley are judged to be hordeins according to the following criteria: (1) They have the same solubility characteristics as the native protein in that they are soluble in 55% propan-2-ol plus reducing agent and are precipitated by 2% salt solutions. (2) Only small amounts of lysine are incor- porated in comparison to leucine. (3) They show similar electrophoretic properties to authentic hordeins in that products from previously initiated polysomes have an identical mobility on SDS-PAGE and also an identical isoelectric point to native hordein whereas Poly-A § RNA extracted from these polysomes directs the synthesis of polypeptides which have a lower mobility on SDS-PAGE but many still have the same isoelectric point; these products are found in addition to the products of identical mobility to hordein when polysome reinitiation occurs.
However one apparent inconsistency in the results is that the bands corresponding to the ' C ' hordeins are apparently labelled with [3SS]methionine even though these proteins are very low in S amino acids and are not labelled with 3sSO4 fed in vivo (Shewry etal. 1980b and Fig. 8) . Where this could be explained by the presence of methionine in the leader sequence with the products of poly-A § RNA translation it was not expected that the polysome "run-off" products in the presence of reinitiation inhibitors would contain [3SS]methionine (Fig. 8 d) . However as cyanogen bromide removes this label without mark- edly changing the electrophoretic mobility of the products, it suggests that the methionine is at one end of the molecule.
The mRNA used in these studies was separated from the polysomes by affinity chromatography on oligo-dT cellulose. The fraction not bound to the column (poly-A-RNA) showed negligible messenger activity. Thus it is likely that all the hordein mRNA is polyadenylated. The degree of adenylation was estimated as 6%; this would give an average length of poly-A of 150 bases on the 2.5 kilobase sequence and 80 on the 1.35 kilobase sequence, although the length of poly A is not necessarily proportional to the size of the RNA. Therefore the maximum potential coding sequences are approximately 2.35 and 1.27 kilobases. The 'B' and 'C' band hordeins have about 460 and 270 residues respectively (Shewry etal. 1980b ), requiring coding sequences of 1 380 and 810 bases. The RNA isolated from barley polysomes is therefore large enough to code for the hordeins with 300 bases remaining, some of which will code for the extra sequence present in mRNA in vitro translation products. The discrepancy in the estimates of the size of the mRNA is probably due to incomplete denaturation of the RNA on the sucrose density gradients. The poly-A * RNA preparation appears to be strongly enriched for hordein mRNA in that about 60% of the counts are soluble in propan-2-ol and, as judged by autoradiography, the majority of these counts are in bands presumed to correspond to hordein with very little evidence of any low molecular weight products.
The products of mRNA translation, and of reinitiation of polysome mRNA produce products which are larger than the authentic hordeins but their exact molecular weight cannot be accurately assessed because mobility in SDS does not appear to be a strict function of the molecular weight of prolamins (Hamauzu etaI. 1975; Shewry etal. 1980b) . Since the products of polysomal "run off" translation are of the same length as authentic hordeins it is suggested that the shortening of the polypeptide chains is normally a co-translational event occurring when the polysomes are bound to the endoplasmic reticulum according to the signal hypothesis of Blobel and Dob-berstein 1975. Similar results and conclusions have been presented for maize storage protein (zein) synthesis (Burr et al. 1978; Larkins and Hurkman 1978) and evidence presented that the zein mRNA product can be correctly processed by a heterologous processing system (Xenopus oocytes) (Larkins etal. 1979 ).
Previous work with the barley storage proteins, however, has suggested some differences from the standard signal hypothesis in that products of a length intermediate between those of mRNA and authentic hordein are produced and that processing can occur as a post translation event .
